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(57) ABSTRACT

A laminated piezoelectric element that includes a piezoelec-
tric element layer and a matching layer. The piezoelectric
element layer is configured to have a plurality of piezoelectric
layers and a plurality of electrode layers laminated together.
The matching layer is laminated on the piezoelectric element
layer, and is different in acoustic impedance from the piezo-
electric element layer. When Vp represents the acoustic
velocity in the piezoelectric element layer, Vm represents the
acoustic velocity in the matching layer, Tp represents the
thickness dimension of the piezoelectric element layer, and
Tm represents the thickness dimension of the matching layer,
Vp/Vm=Tp/Tm holds. Further, when W represents the
dimension of the laminated piezoelectric element in the width
direction, Tp+Tm>W holds.
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LAMINATED PIEZOELECTRIC ELEMENT
AND MULTI-FEED DETECTION SENSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of International
application No. PCT/JP2012/080271, filed Nov. 22, 2012,
which claims priority to Japanese Patent Application No.
2011-258896, filed Nov. 28, 2011, the entire contents of each
of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a laminated piezoelectric
element having a structure in which piezoelectric layers and
electrode layers are laminated, and a multi-feed detection
sensor that transmits and receives acoustic waves by using
laminated piezoelectric elements and detects multi-feed of
sheets in a printer or the like. The present invention particu-
larly relates to a laminated piezoelectric element in which
thickness vibration occurs in a lamination direction of piezo-
electric layers and electrode layers, and a multi-feed detection
sensor using the laminated piezoelectric elements.

BACKGROUND OF THE INVENTION

A multi-feed detection sensor that detects multi-feed of
sheets in a printer or the like uses piezoelectric elements.
The multi-feed detection sensor includes a pair of piezo-
electric elements spaced from each other by a few centimeters
with a sheet feed path interposed therebetween. One of the
piezoelectric elements is configured for transmission, and the
other piezoelectric element is configured for reception. A
certain amount of installation space is required to provide the
multi-feed detection sensor. In the past, therefore, the multi-
feed detection sensor has been employed in a large- or
medium-sized printer or scanner. In recent years, however,
there has been an increasing demand for a reduction in size of
the multi-feed detection sensor to allow the multi-feed detec-
tion sensor to also be mounted in a small-sized apparatus.
In an existing multi-feed detection sensor, a piezoelectric
element in which area vibration occurs is bonded to, for
example, an inner bottom surface of a cylindrical case with a
bottom, to thereby configure a bimorph oscillator in which
bending vibration occurs in the bottom surface of the case
serving as a vibrating surface. The bending vibration occurs
such that the center of the vibrating surface corresponds to the
antinode of the vibration, and that a peripheral portion of the
vibrating surface corresponds to the node of the vibration.
Patent Document 1: Japanese Unexamined Patent Applica-
tion Publication No. 10-224895

SUMMARY OF THE INVENTION

In the design of a small-sized piezoelectric element, a
simple reduction in size of the existing multi-feed detection
sensor results in a substantial reduction in vibration area at the
center of the vibrating surface. Thus, degradation of electrical
characteristics (sound pressure) is inevitable. Further, an
increase in acoustic wave frequency due to the reduction in
size is also inevitable. The increase in acoustic wave fre-
quency tends to increase the attenuation of acoustic waves at
the time of passage of a sheet. It is therefore necessary to
increase the amplification factor in a receiving circuit. Fur-
ther, in the existing multi-feed detection sensor, unnecessary
vibration occurs at a frequency close to the resonant fre-
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quency. If the resonant frequency shifts owing to, for
example, variations in materials, sensor characteristics are
degraded by the influence of the unnecessary vibration.

Therefore, an object of the present invention is to realize a
multi-feed detection sensor and a laminated piezoelectric
element easily realizing favorable sensor characteristics
when employed in a multi-feed detection sensor, not causing
degradation of electrical characteristics and an increase in
acoustic wave frequency irrespective of a reduction in size,
and not susceptible to unnecessary vibration.

A laminated piezoelectric element of the present invention
includes a piezoelectric element layer and a matching layer.
The piezoelectric element layer has a plurality of piezoelec-
tric layers and a plurality of electrode layers laminated in a
thickness direction. The matching layer is laminated on the
piezoelectric element layer in the thickness direction, and
different in acoustic impedance from the piezoelectric ele-
ment layer. Herein, in the laminated piezoelectric element,
when Vp represents the acoustic velocity in the piezoelectric
element layer, Vm represents the acoustic velocity in the
matching layer, f represents the acoustic wave frequency, Tp
represents the thickness dimension of the piezoelectric ele-
ment layer in a lamination direction of the piezoelectric layers
and the electrode layers, and Tm represents the thickness
dimension of the matching layer, Vp/Vm=Tp/Tm holds. Fur-
ther, when W represents the width dimension of the piezo-
electric element, Tp+Tm>W holds.

With the respective thickness dimensions of the piezoelec-
tric element layer and the matching layer set as described
above, the thickness of each of the layers is equal to a quarter
wavelength of acoustic waves at a specific acoustic wave
frequency. When thickness vibration (longitudinal vibration)
occurs in the piezoelectric element layer, therefore, it is pos-
sible to maximize the displacement amount relative to the
thickness vibration in each of the piezoelectric element layer
and the matching layer. Further, in that case, if Tp+Tm>W
holds, it is possible to substantially separate the resonant
frequency of a vibration mode substantially affected by the
width dimension of the piezoelectric element, such as a bend-
ing vibration mode in the thickness direction or an area vibra-
tion mode in an in-plane direction, for example, from the
resonant frequency of the thickness vibration mode. That is, it
is possible to suppress unnecessary vibration, while maxi-
mizing the sensitivity and sound pressure due to the thickness
vibration at a specific acoustic wave frequency. In the thick-
ness vibration, the entirety of a surface of the matching layer
is substantially uniformly displaced (vibrates) in the normal
direction. Thus, the node of the vibration is not generated in
the surface of the matching layer, and it is possible to increase
the vibration area. Even if the overall dimension of the lami-
nated piezoelectric element is reduced, therefore, a reduction
in sensitivity and sound pressure of the acoustic waves due to
the thickness vibration and a change in resonant frequency are
unlikely to be caused.

In the above-described laminated piezoelectric element, it
is preferable that W=k1x(Tp+Tm) holds in which a coeffi-
cient k1 is greater than 0 and is equal to or less than 1/1.39. It
is more preferable that the coefficient k1 is equal to or less
than 1/1.88.

With the thus set width dimension, it is possible to substan-
tially suppress the unnecessary vibration and thereby obtain
only the thickness vibration.

In the above-described laminated piezoelectric element, it
is preferable that the coefficient k1 is equal to or greater than
1/2.27. It is more preferable that the coefficient k1 is equal to
or greater than 1/1.99.
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With the thus set width dimension, it is possible to prevent
a reduction in area of the vibrating surface and a substantial
reduction in vibration level.

A multi-feed detection sensor according to the present
invention includes the laminated piezoelectric element for
wave transmission and the laminated piezoelectric element
for wave reception, and the two laminated piezoelectric ele-
ments are spaced from each other with a detection position
interposed therebetween.

In the above-described multi-feed detection sensor, it is
preferable that the number of laminations of the piezoelectric
layers and the electrode layers in the laminated piezoelectric
element for wave transmission is large, and that the number of
laminations of the piezoelectric layers and the electrode lay-
ers in the laminated piezoelectric element for wave reception
is small.

It is possible to increase the sound pressure of the acoustic
waves to be transmitted by increasing the number of lamina-
tions of the piezoelectric layers and the electrode layers in the
laminated piezoelectric element for wave transmission. Fur-
ther, it is possible to increase the sensitivity of acoustic wave
reception by reducing the number of laminations in the lami-
nated piezoelectric element for wave reception. Accordingly,
it is possible to realize favorable sensor characteristics in the
multi-feed detection sensor.

In the above-described multi-feed detection sensor, it is
preferable that the acoustic wave frequency f is equal to or
higher than 100 kHz.

With the use of such acoustic waves, it is possible to detect
multi-feed of commonly commercially available sheets of
almost all types and thicknesses. Further, for example, in a
case in which the piezoelectric layers use PZT-based ceram-
ics and the matching layer uses a low specific gravity material
of'a mixture of epoxy resin with glass balloon, if the acoustic
wave frequency is 100 kHz, the thickness dimension of the
laminated piezoelectric element is approximately 12.5 mm or
less and the width dimension of the laminated piezoelectric
element ranges from approximately 6.28 mm to approxi-
mately 6.65 mm in accordance with all of the above-de-
scribed conditions. Further, if the acoustic wave frequency is
166.7 kHz, which is higher than 100 kHz, the thickness
dimension of the laminated piezoelectric element is approxi-
mately 7.5 mm or less, and the width dimension of the lami-
nated piezoelectric element ranges from approximately 3.77
mm to approximately 3.99 mm. As described above, even if
the acoustic wave frequency is increased and the thickness
dimension of the laminated piezoelectric element is reduced,
it is possible to optimize the dimensions of the respective
portions and thereby prevent degradation of sensor character-
istics and a change in resonant frequency. Accordingly, it is
possible to obtain a substantially small configuration, as com-
pared with existing products (in the order of a few centime-
ters). A PZT material has a feature of having a large electro-
mechanical coupling coefficient, a large d constant, and a
small machinery quality factor. A low specific gravity mate-
rial of a mixture of epoxy-based thermosetting resin with
glass balloon is advantageous in being bondable by potting
and thus reducing costs.

According to the present invention, with the respective
thickness dimensions and width dimensions of the piezoelec-
tric element layer and the matching layer set to appropriate
values, it is possible to obtain the maximum displacement in
each of the piezoelectric element layer and the matching
layer, and to cause thickness vibration (longitudinal vibra-
tion) in the piezoelectric element layer while preventing the
occurrence of unnecessary vibration. Accordingly, the
entirety of a surface of the matching layer is displaced (vi-
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brates) in the normal direction. Even if the thickness dimen-
sion of the laminated piezoelectric element is reduced for size
reduction, therefore, degradation of electrical characteristics
and an increase in acoustic wave frequency are unlikely to be
caused, and it is possible to configure a laminated piezoelec-
tric element suitable for a multi-feed detection sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(A) to 1(C) are a development diagram and a cross-
sectional view of a configuration example of a laminated
piezoelectric element and a multi-feed detection sensor
according to a first embodiment of the present invention.

FIGS. 2(A) and 2(B) are diagrams illustrating the relation-
ship between the acoustic wave frequency and the signal
output level of the multi-feed detection sensor illustrated in
FIGS. 1(A) to 1(C).

FIGS. 3(A) to 3(D) are diagrams illustrating the relation-
ship between the width dimension and the vibration mode of
the laminated piezoelectric element illustrated in FIGS. 1(A)
to 1(C).

FIGS. 4(A) and 4(B) are diagrams illustrating the relation-
ship between the dimensional ratio of the laminated piezo-
electric element illustrated in FIGS. 1(A) to 1(C) and the
vibration level of a top surface.

FIGS. 5(A) and 5(B) are diagrams illustrating the relation-
ship between the dimensional ratio of the laminated piezo-
electric element illustrated in FIGS. 1(A) to 1(C) and the
vibration level of the top surface.

FIGS. 6(A) and 6(B) are diagrams illustrating the relation-
ship between sensor characteristics and the number of lami-
nations of piezoelectric layers in each of laminated piezoelec-
tric elements of the multi-feed detection sensor illustrated in
FIGS. 1(A) to 1(C).

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

On the basis of FIGS. 1(A) to 1(C), description will be
given below of a configuration of a laminated piezoelectric
element and a multi-feed detection sensor according to a first
embodiment of the present invention.

FIG. 1(A) is a conceptual diagram of a multi-feed detection
sensor 101 according to the present embodiment.

The multi-feed detection sensor 101 includes an ultrasonic
transducer 1A for wave transmission and an ultrasonic trans-
ducer 1B for wave reception. The multi-feed detection sensor
101 also includes an oscillator 102 connected to the ultrasonic
transducer 1A, an oscilloscope 104 connected to the ultra-
sonic transducer 1B, and an amplifier 103 connected between
the ultrasonic transducer 1B and the oscilloscope 104. The
ultrasonic transducer 1A and the ultrasonic transducer 1B are
disposed to face each other on opposite sides of a sheet feed
path 111 in a printer or the like. The oscillator 102 oscillates
a frequency pulse signal for driving the ultrasonic transducer
1A. The ultrasonic transducer 1A receives the frequency
pulse signal and transmits ultrasonic pulses to the sheet feed
path 111. On the sheet feed path 111, the ultrasonic pulses are
transmitted through a sheet being transported and reach the
ultrasonic transducer 1B. The ultrasonic transducer 1B
receives the ultrasonic pulses and outputs a detection signal.
The amplifier 103 amplifies the detection signal input from
the ultrasonic transducer 1B. On the basis of the detection
signal amplified by the amplifier 103, the oscilloscope 104
determines the occurrence or non-occurrence of multi-feed of
sheets on the sheet feed path 111.
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FIG. 1(B) is a cross-sectional view of the ultrasonic trans-
ducer 1A according to the present embodiment. The upward
direction in the drawing plane of FIG. 1(B) corresponds to the
direction of transmitting ultrasonic waves, i.e., the direction
toward the front surface of the ultrasonic transducer 1A.

The ultrasonic transducer 1B is substantially the same in
configuration as the ultrasonic transducer 1A. Herein,
detailed description thereof will be omitted. The ultrasonic
transducer 1B is different from the ultrasonic transducer 1A
in overall dimension and the number of laminations of piezo-
electric layers and electrode layers in a laminated piezoelec-
tric element 11.

The ultrasonic transducer 1A includes a metal cover 2, a
resin case 3, the laminated piezoelectric element 11 (herein-
after simply referred to as the piezoelectric element 11), and
metal terminals 5 and 6.

The resin case 3 is formed by injection-molding a plastic
resin, and has a cylindrical shape with a bottom and a front
surface formed with an opening. The resin case 3 holds the
piezoelectric element 11 such that an end portion of the piezo-
electric element 11 projects toward the front surface from the
opening. The piezoelectric element 11 may be bonded to, for
example, an inner bottom surface of the resin case 3.

The metal cover 2 is made of a conductive metal material,
and has a cylindrical shape with a front surface and a rear
surface each formed with an opening. The metal cover 2 holds
the resin case 3.

The metal terminals 5 and 6 are made of a conductive metal
material and configured such that the longitudinal direction
thereof corresponds to the direction of transmitting acoustic
waves. Hach of the metal terminals 5 and 6 includes a step
portion bent twice near the center thereof, and is locked on the
inner bottom surface of the resin case 3 at the step portion,
with a rear surface-side end portion thereof projecting from
the rear surface of the resin case 3 and a front surface-side end
portion thereof sandwiched between a side surface of the
piezoelectric element 11 and an inner side surface of the resin
case 3 inside the opening of the resin case 3. The front sur-
face-side end portion of each of the metal terminals 5 and 6
includes a V-shaped portion formed to be bent to project
toward the piezoelectric element 11. This portion is config-
ured to elastically deform to be in constant contact with the
piezoelectric element 11. The metal terminal 5 is disposed on
the side of a left side surface of the piezoelectric element 11.
The metal terminal 6 is disposed on the side of a right side
surface of the piezoelectric element 11. The V-shaped portion
or the like of each of the metal terminals 5 and 6 may be
bonded to the side surface of the piezoelectric element 11
with a conductive adhesive or the like.

FIG.1(C) is aperspective view of the piezoelectric element
11 according to the present embodiment. The upward direc-
tion in the drawing plane of FIG. 1(C) corresponds to the
direction of transmitting or receiving ultrasonic waves, i.e.,
the direction toward the front surface of the piezoelectric
element 11. The piezoelectric element 11 includes a matching
layer 11A and a piezoelectric element layer 11B. The piezo-
electric element 11 has a columnar shape having a square
front surface and a square rear surface located in a lamination
direction of the matching layer 11A and the piezoelectric
element layer 11B. It is preferable that each of the front
surface and the rear surface of the piezoelectric element 11
has a square or circular shape, since the shape makes it pos-
sible to increase the vibration efficiency and prevent the
occurrence of unnecessary vibration. Each of the front sur-
face and the rear surface, however, may have a rectangular or
elliptical shape to control the directivity of the acoustic
waves.
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The matching layer 11A is made of a low specific gravity
material of a mixture of epoxy resin with glass balloon, which
is bondable by potting and thermosetting. The matching layer
11A is located on the front surface side of the piezoelectric
element 11, and is provided to match the acoustic impedance
between the piezoelectric element layer 11B and the external
space (outside air).

The piezoelectric element layer 11B is located on the rear
surface side of the piezoelectric element 11, and is configured
to have a plurality of electrode layers 11B1 and a plurality of
piezoelectric layers 11B2 laminated in a lamination direction
corresponding to the direction between a front surface and a
rear surface thereof. The piezoelectric layers 11B2 are made
of PZT-based ceramics having a large electromechanical cou-
pling coefficient, a large piezoelectric d constant, and a small
machinery quality factor. The piezoelectric element 11 is
configured such that two side surfaces thereof parallel to the
lamination direction (a right side surface and a left side sur-
face located in the lateral direction in the drawing plane of
FIG. 1(B)) serve as electrode connecting portions. With not-
illustrated side surface electrodes and insulating films, even-
or odd-numbered ones of the electrode layers 11B1 are selec-
tively connected together, and are connected to the metal
terminal 5 or 6.

The above-described members, i.e., the metal cover 2, the
resin case 3, the piezoelectric element 11, and the metal
terminals 5 and 6 form the ultrasonic transducer 1A. Respec-
tive portions of the piezoelectric element 11 are set to later-
described dimensions to cause thickness vibration along the
direction between the front surface and the rear surface.
Therefore, the entire front surface of the piezoelectric ele-
ment 11 serves as a vibration area, and a reduction in size of
the piezoelectric element 11 is unlikely to cause degradation
of electrical characteristics and an increase in acoustic wave
frequency. Accordingly, the multi-feed detection sensor 101
is capable of realizing favorable sensor characteristics.

On the basis of a verification test using an actual apparatus,
description will now be given of frequencies of the acoustic
waves at which the multi-feed detection sensor 101 is capable
of detecting multi-feed of various types of commonly used
sheets. In the verification test using an actual apparatus, the
installation gap between the ultrasonic transducers 1A and 1B
was set to 70 mm, and the sheet detection position was set to
the center of the installation gap between the ultrasonic trans-
ducers 1A and 1B. Further, the angle of passage of the sheet
was set to 25°.

FIGS. 2(A) and 2(B) are diagrams each illustrating
changes in output level of the detection signal in respective
states in which the various types of sheets are present at the
sheet detection position, with reference to the state in which
no sheet is present at the sheet detection position. FIG. 2(A) is
a diagram illustrating a frequency range of 50 kHz to 300
kHz, and FIG. 2(B) is a diagram illustrating a frequency range
of 60 kHz to 100 kHz in an enlarged scale. In the diagrams,
each solid line indicates a single sheet feed state (a state in
which only one sheet is being fed), and each broken line
indicates a multi-sheet feed state (a state in which a plurality
of'sheets are being fed). Further, plot figures illustrated in the
legend indicate sheet types. Herein, Chinese sales slip, type-
writing paper, thin vellum paper, high-quality paper of differ-
ent thicknesses (each value in kg indicates the A-size ream
weight (the weight of a stack of 1000 A-size sheets)), and
Kent paper are used.

To identity the multi-feed state of each of the various types
of sheets illustrated herein, it is necessary to distinguish
between the single feed state indicated by the solid lines and
the multi-feed state indicated by the broken lines by using
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some kind of threshold. As illustrated in FIG. 2(A), in a low
frequency range, the solid lines and the broken lines inter-
cross and are not distinguishable by a threshold. In a high
frequency range, however, the solid lines and the broken lines
are clearly separated and distinguishable by a threshold. It is
observed from FIG. 2(B) that the solid lines and the broken
lines intercross in a range up to approximately 90 kHz, but
that the solid lines and the broken lines are clearly separated
at a frequency higher than approximately 100 kHz. It is there-
fore understood that, at a frequency higher than approxi-
mately 100 kHz, it is possible to distinguish between the
single sheet layer state and the multi-sheet feed state by
setting the threshold to a sound pressure level at which the
solid lines and the broken lines are distinguishable.

If'the frequency is constant, the attenuation of the acoustic
waves in the sheet is determined in accordance with the sheet
type (including the sheet thickness). There is no substantial
variation in attenuation among multi-feed detection sensors
using thickness vibration, even if the multi-feed detection
sensors are different in specific configuration. It is therefore
understood that a multi-feed detection sensor using thickness
vibration is capable of detecting the multi-feed of commonly
used types of sheets by using the acoustic waves at a fre-
quency higher than approximately 100 kHz.

The setting of dimensions of the piezoelectric element 11
will now be described in detail. As described above, the
matching layer 11A forming the piezoelectric element 11 is
made of a low specific gravity material of a mixture of epoxy
resin with glass balloon, and exhibits physical properties
illustrated in the following table. In the table, values in paren-
theses indicate the respective ranges of the physical proper-
ties generally obtainable from a similar material.

TABLE 1
Density Acoustic Young’s
pm velocity Vm modulus Poisson’s
[kg/m3] [m/s] [GPa] ratio
560 2200 1.8 0.3
(500-700) (1750-2750) (1.5-2.5) (0.25-0.35)

As described above, the piezoelectric element layer 11B of
the piezoelectric element 11 is made of PZT-based ceramics,
and exhibits physical properties illustrated in the following
table. In the table, values in parentheses indicate the respec-
tive ranges of the physical properties generally obtainable
from a similar material.

TABLE 2
electro-
mechanical
Density Acoustic  coupling co-  piezoelectric  machinery
pm velocity efficient constant d33 quality
[kg/m3] Vp [ms] kt [%)] [x10 =12 m/s] factor Qm
7800 2800 51 410 80
(7600-8000)  (2500-3500) (44-51) (200-650) (50-1000)

It is considered that, if the piezoelectric element 11, in
which thickness vibration occurs, is made of materials having
such physical properties, the thickness dimension of the
piezoelectric element 11 should be set as follows.

When Vp and Vm represent the acoustic velocity in the
piezoelectric element layer 11B and the acoustic velocity in
the matching layer 11A, respectively, and f represents the
frequency of acoustic waves due to thickness vibration, a
wavelength Ap of acoustic waves in the piezoelectric element

10

15

20

25

30

35

40

45

50

55

60

65

8

layer 11B and a wavelength Am of acoustic waves in the
matching layer 11A are represented as Ap=Vp/fand Am=Vm/
f, respectively. That is, if the frequency f of the acoustic waves
is 100 kHz corresponding to the lowest frequency at which
the multi-feed is detectable, Ap=Vp/f=2800/100000=28x%
107 and Am=Vm/f=2200/100000=22x10"> hold.

Further, it is considered that, when Tp and Tm represent the
thickness dimension of the piezoelectric element layer 11B
and the thickness dimension of the matching layer 11A,
respectively, and each of the thickness dimensions is equal to
a quarter wavelength of the acoustic velocity, the maximum
displacement due to the thickness vibration is obtained in
each of the surfaces of the layers, and the sensitivity and
sound pressure of the acoustic waves due to the thickness
vibration are maximized. Therefore, the thickness Tp of the
piezoelectric element layer and the thickness Tm of the
matching layer should be set as Tp=Ap/4 and Tm=hm/4,
respectively. That is, when the frequency f of the acoustic
waves is set to 100 kHz,

Tp=Ap/4=28x107%/4=7.0x10~> and Tm=Am/4=22x107>/
4=5.5x107 should be set. In the piezoelectric element 11,
therefore, when the frequency fof the acoustic waves is set to
100 kHz, the thickness dimension Tp of the piezoelectric
element layer 11B and the thickness dimension Tm of the
matching layer 11A are set to 7.0 mm and 5.5 mm, respec-
tively, to obtain a total thickness T of 12.5 mm. Thereby, it is
possible to maximize the sensitivity and sound pressure of the
acoustic waves due to the thickness vibration, and configure
the piezoelectric element 11 such that the thickness vibration
mainly occurs therein.

The relationship of the following equation is derived from
the above equations.

Ip/Tm=np/Nm=Vp/Vin

If the frequency f of the acoustic waves is higher than 100
kHz corresponding to the lowest frequency at which the
multi-feed is detectable, the thickness dimension Tp of the
piezoelectric element layer 11B is less than 7.0 mm, and the
thickness dimension Tm of the matching layer 11A is less
than 5.5 mm. Also in that case, if the thickness ratio between
the piezoelectric element layer 11B and the matching layer
11A is optimized to be equal to the acoustic velocity ratio
therebetween, it is possible to obtain the maximum sensitivity
and sound pressure due to the thickness vibration at a specific
frequency higher than 100 kHz.

The setting of a width dimension W (longitudinal or lateral
dimension in the present embodiment) of the piezoelectric
element 11 will now be discussed. FIGS. 3(A) to 3(D) are
diagrams illustrating vibration modes of surfaces of the
piezoelectric element 11 based on simulation.

Ifthe width dimension W of the piezoelectric element 11 is
changed with the thickness dimension T of the piezoelectric
element 11 unchanged, the vibration mode in the surfaces of
the piezoelectric element 11 changes in accordance with the
width dimension W of the piezoelectric element 11. For
example, if the width dimension W is small, the entire sur-
faces of the piezoelectric element 11 exhibit substantially
uniform displacement. If the width dimension W is large,
however, the displacement amount of the surfaces of the
piezoelectric element 11 substantially varies depending on
the position. This is considered to be because the unnecessary
vibration is substantially small as compared with the thick-
ness vibration, when the width dimension W is small, and
because the unnecessary vibration is large as compared with
the thickness vibration, when the width dimension W is large.

Therefore, the respective thicknesses of the layers were
optimized with the physical properties illustrated in Tables 1
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and 2 for each of different settings of the thickness dimension
T of the piezoelectric element 11, and the relationship
between the ratio of the thickness dimension T of the piezo-
electric element 11 to the width dimension W and the change
in displacement level (relative to the maximum value) of a top
surface of the matching layer 11A was examined. FIG. 4(A)
is a diagram illustrating the relationship between the afore-
mentioned ratio and the displacement level of the top surface
for each of the different settings of the thickness dimension T
of the piezoelectric element 11. A taller shape is obtained
toward the right side of the diagram, and a flatter shape is
obtained toward the left side of the diagram.

FIG. 4(B) is a diagram illustrating the relationship between
the aforementioned ratio and the resonant frequency of the
entire piezoelectric element 11 with the same settings. Plot
figures illustrated in the legends of FIGS. 4(A) and 4(B)
indicate similar examples having the optimized thicknesses
of the respective layers and the thickness dimension T of the
piezoelectric element 11 set to different values of 2.5 mm, 5.0
mm, and 7.5 mm, respectively.

When the thickness dimension T of the piezoelectric ele-
ment 11 was 2.5 mm, the displacement level of the top surface
and the resonant frequency were unstable with the aforemen-
tioned ratio less than approximately 1.39. Further, when the
thickness dimension T of the piezoelectric element 11 was 5.0
mm, the displacement level of the top surface and the resonant
frequency were unstable with the aforementioned ratio less
than approximately 1.25. Furthermore, when the thickness
dimension T of the piezoelectric element 11 was 7.5 mm, the
displacement level of the top surface and the resonant fre-
quency were unstable with the aforementioned ratio less than
approximately 1.25.

According to these settings, with the aforementioned ratio
greater than at least 1.39, it was possible to obtain a large
displacement level of the top surface irrespective of the thick-
ness dimension T of the piezoelectric element 11, and the
resonant frequency was stable. Particularly with the afore-
mentioned ratio in a numerical value range greater than 1.88,
it was possible to maximize the displacement level of the top
surface.

Then, the respective thicknesses of the layers were opti-
mized with the thickness dimension T of the piezoelectric
element 11 set to 5.0 mm for each of different settings of the
acoustic velocity Vm of the matching layer, which is one of
the physical properties, and the relationship between the ratio
of the thickness dimension T of the piezoelectric element 11
to the width dimension W and the change in displacement
level (relative to the maximum value) of the top surface of the
matching layer 11A was examined. FIG. 5(A) is a diagram
illustrating the relationship between the aforementioned ratio
and the displacement level of the top surface for each of the
different settings of the acoustic velocity Vm of the matching
layer.

FIG.5(B) is a diagram illustrating the relationship between
the aforementioned ratio and the resonant frequency with the
same settings. Plot figures illustrated in the legends of FIGS.
5(A) and 5(B) indicate similar examples with the optimized
thicknesses of the respective layers and the acoustic velocity
Vm of the matching layer set to different values of 2000 m/s
and 3000 m/s, respectively.

When the acoustic velocity Vm of the matching layer was
2000 m/s, the displacement level of the top surface and the
resonant frequency were unstable with the aforementioned
ratio less than approximately 1.25. Further, also when the
acoustic velocity Vm of the matching layer was 3000 m/s, the
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displacement level of the top surface and the resonant fre-
quency were unstable with the aforementioned ratio less than
approximately 1.25.

According to these settings, with the aforementioned ratio
greater than at least 1.25, it was possible to obtain a large
displacement level of the top surface irrespective of the
acoustic velocity Vm of the matching layer 11A, and the
resonant frequency was stable. Particularly with the afore-
mentioned ratio in a numerical value range greater than 1.66,
it was possible to maximize the displacement level of the top
surface.

The relationship between the vibration area and the vibra-
tion level of the top surface will now be discussed.

With reference again to FIG. 4(A), when the thickness
dimension T of the piezoelectric element 11 was 2.5 mm,
there was a case in which the displacement level of the top
surface was reduced with the aforementioned ratio greater
than approximately 2.27. Further, also when the thickness
dimension T of the piezoelectric element 11 was 5.0 mm,
there was a case in which the displacement level of the top
surface was reduced with the aforementioned ratio greater
than approximately 2.27. When the thickness dimension T of
the piezoelectric element 11 was 7.5 mm, there was no sub-
stantial reduction in displacement level of the top surface
even with the aforementioned ratio greater than approxi-
mately 2.27.

With reference to FIG. 5(A), when the acoustic velocity
Vm of the matching layer was 2000 nv/s, there was a case in
which the displacement level of the top surface was reduced
with the aforementioned ratio greater than approximately
2.27. When the acoustic velocity Vm of the matching layer
was 3000 m/s, there was a certain amount of reduction in
displacement level of the top surface with the aforementioned
ratio of approximately 2.27. Even in that case, however, the
displacement level exceeded 60% of the maximum value.

It is considered from these that the aforementioned ratio
greater than approximately 2.27 results in a reduction in
vibration area and may cause a substantial reduction in vibra-
tion level of the top surface.

It is considered from these that the width dimension W
should be set as follows to obtain a favorable vibration mode
of the piezoelectric element 11.

W=k1xT wherein 1/2.27<k1=<1/1.39

Especially for optimization, it is considered that the width
dimension W should be set around approximately %2 of the
thickness dimension T with 1/2.27<k1<1/1.88.

That is, it is considered that, when the frequency f of the
acoustic waves and the total thickness dimension T of the
piezoelectric element 11 are set to 100 kHz and 12.5 mm,
respectively, as described above, the width dimension W of
the piezoelectric element 11 should be set in the following
numerical value range.

5.5=W=6.6

With such a setting, it is possible to configure the laminated
piezoelectric element 11 in which the thickness vibration
occurs with the maximized amplitude, while preventing the
appearance of unnecessary vibration.

The setting of the number n of laminations of the piezo-
electric layers of the piezoelectric element 11 will now be
discussed. FIG. 6(A) is a diagram illustrating the relationship
between the sound pressure and the number n of laminations
of the piezoelectric layers in the ultrasonic transducer 1A,
which is based on simulation. Herein, the sound pressure was
measured in a state in which the respective thicknesses of the
piezoelectric element 11 and the piezoelectric element layer
11B were unchanged and only the number n of laminations of
the piezoelectric layers (and electrode layers) was changed.
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As aresult, it was confirmed that, in the ultrasonic transducer
1A for wave transmission, the sound pressure increases in
accordance with the increase in the number n of laminations.

Further, FIG. 6(B) is a diagram illustrating the relationship
between the sensitivity and the number n of laminations of the
piezoelectric layers in the ultrasonic transducer 1B, which is
based on simulation. In the ultrasonic transducer 1B for wave
reception, the sensitivity decreases in accordance with the
increase in the number n of laminations, and higher sensitiv-
ity characteristics were obtained in accordance with the
reduction in the number n of laminations, contrary to the
transducer for wave transmission. It is understood from this
that it is possible to improve sensor characteristics of the
multi-feed detection sensor 101, if the ultrasonic transducers
1A and 1B used as a pair are configured such that the number
of laminations of the piezoelectric layers and the electrode
layers is different therebetween, and that the transducer for
wave transmission has a multilayer structure larger in the
number of layers than the transducer for wave reception.

The present invention may be implemented as described in
the foregoing embodiment. However, a specific configuration
of the multi-feed detection sensor and the laminated piezo-
electric element is not limited to the above-described one. For
example, the piezoelectric element layer and the matching
layer of the laminated piezoelectric element are not limited to
the above-described materials, and may be made of other
materials. Further, the number of laminations of the piezo-
electric layers and the electrode layers may be appropriately
set, and is not limited to the above-described one.

REFERENCE SIGNS LIST

1A, 1B ultrasonic transducer

2 metal cover

3 resin case

5, 6 metal terminal

11 laminated piezoelectric element
11A matching layer

11B piezoelectric element layer
11B1 electrode layer

11B2 piezoelectric layer

101 multi-feed detection sensor
102 oscillator

103 amplifier

104 oscilloscope

111 sheet feed path

The invention claimed is:

1. A laminated piezoelectric element comprising:

a piezoelectric element layer having a plurality of piezo-
electric layers and a plurality of electrode layers lami-
nated in a thickness direction; and

a matching layer laminated on the piezoelectric element
layer in the thickness direction, the matching layer being
different in acoustic impedance from the piezoelectric
element layer,

wherein, when Vp represents the acoustic velocity in the
piezoelectric element layer, Vm represents the acoustic
velocity in the matching layer, Tp represents the dimen-
sion of the piezoelectric element layer in the thickness
direction, and Tm represents the dimension of the
matching layer in the thickness direction, Vp/Vm=Tp/
Tm, and

wherein, when W represents the dimension of the lami-
nated piezoelectric element in a width direction perpen-
dicular to the thickness direction, Tp+Tm>W.
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2. The laminated piezoelectric element according to claim
1, wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than 0 and is equal to or less than 1/1.39.

3. The laminated piezoelectric element according to claim
1, wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than 0 and is equal to or less than 1/1.88.

4. The laminated piezoelectric element according to claim
1, wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than O and is equal to or greater than 1/2.27.

5. The laminated piezoelectric element according to claim
1, wherein the acoustic impedance of the matching layer
matches an acoustic impedance between the piezoelectric
element layer and air.

6. A multi-feed detection sensor comprising:

a wave transmission ultrasonic transducer; and

a wave reception ultrasonic transducer spaced from the

wave transmission ultrasonic transducer with a detec-
tion position interposed therebetween,

wherein at least one of the wave transmission ultrasonic

transducer and the wave reception ultrasonic transducer
is the laminated piezoelectric element according to
claim 1.

7. The multi-feed detection sensor according to claim 6,
wherein both the wave transmission ultrasonic transducer and
the wave reception ultrasonic transducer are the laminated
piezoelectric element.

8. The multi-feed detection sensor according to claim 7,
wherein a number of laminations of the piezoelectric layers
and the electrode layers in the laminated piezoelectric ele-
ment of the wave transmission ultrasonic transducer is larger
than a number of laminations of the piezoelectric layers and
the electrode layers in the laminated piezoelectric element of
the wave reception ultrasonic transducer.

9. The multi-feed detection sensor according to claim 6,
wherein a frequency f of acoustic waves is equal to or higher
than 100 kHz.

10. The multi-feed detection sensor according to claim 6,
further comprising:

an oscillator connected to the wave transmission ultrasonic

transducer;

an oscilloscope connected to the wave reception ultrasonic

transducer; and

an amplifier connected between the oscilloscope and the

wave reception ultrasonic transducer.

11. The multi-feed detection sensor according to claim 6,
wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than 0 and is equal to or less than 1/1.39.

12. The multi-feed detection sensor according to claim 6,
wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than 0 and is equal to or less than 1/1.88.

13. The multi-feed detection sensor according to claim 6,
wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than O and is equal to or greater than 1/2.27.

14. An ultrasonic transducer comprising:

the laminated piezoelectric element according to claim 1;

a resin case surrounding the laminated piezoelectric ele-

ment and having first and second opposed open ends, the
resin case holding the laminated piezoelectric element
such that an end portion of the laminated piezoelectric
element projects from the first open end; and

a pair of metal terminals extending into the resin case from

the second open end and contacting the laminated piezo-
electric element.

15. The ultrasonic transducer according to claim 11, fur-
ther comprising a metal cover surrounding the resin case.
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16. The ultrasonic transducer according to claim 11,
wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than 0 and is equal to or less than 1/1.39.

17. The ultrasonic transducer according to claim 11,
wherein W=k1x(Tp+Tm), and the coefficient k1 is greater 5
than O and is equal to or less than 1/1.88.

18. The ultrasonic transducer according to claim 11,
wherein W=k1x(Tp+Tm), and the coefficient k1 is greater
than O and is equal to or greater than 1/2.27.
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